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Introduction
Organophosphates (OP) are a group of synthetic pesticides used to control various insects on crops and in homes (Levine, 2007; Tadeo et al., 2008) , and are widely used in agriculture. These pesticides are highly toxic cholinesterase-inhibiting compounds, but tend to degrade in the environment with exposure to sunlight and water. The lack of knowledge about how OPs should be applied and poor monitoring of their use have been associated with various human health problems, and environmental pollution by OP residues has accumulated over time (CDC, 2009; Levine, 2007; MINSAL, 2007; WHO, 2005) .
There is ample evidence of adverse health outcomes associated with OP pesticide exposure in children and adults (Alavanja et al., 2004; Hanke, 2006, 2008; Rosas and Eskenazi, 2008) . Studies have linked OP pesticide exposure with adverse physiologic effects, increased frequency of cancer, neurobehavioral and cognitive abnormalities, teratogenicity, endocrine modulation and immunotoxicity (Alavanja et al., 2004; Bouchard et al., 2010 Bouchard et al., , 2011 Engel et al., 2011; Handal et al., 2007; Hanke, 2006, 2008; Marks et al., 2010; Rauth et al., 2006; Rosas and Eskenazi, 2008) .
Human exposure to OP insecticides is widespread. Occupational use of OP insecticides, primarily in agriculture, represents the largest class of exposure. However, many populations, including children, have been shown to be widely exposed to OP insecticides from their diet, residential use, by living close to farms and from paraoccupational exposures via parents who work in agriculture (Barr et al., 2004; Bradman et al., 2005; Coronado et al., 2006; Kissel et al., 2005; Koch et al., 2002; Lu et al., 2004 Lu et al., , 2008 Naeher et al., 2010; Valcke et al., 2006; Vida and Moretto, 2007 ).
In exposed populations, OP insecticides tend not to persist for extensive periods of time, with half-lives not exceeding one week in the human body (CDC, 2009; MINSAL, 2007) . Therefore, short-term OP pesticide exposure has often been assessed by measuring urinary metabolites of OP pesticides (Egeghy et al., 2011) . Most biomonitoring studies have focused on measuring six dialkylphosphate (DAP) metabolites that are common to most OP insecticides currently in use (Wessels et al., 2003) . Other more selective metabolites for assessing exposure to specific OP insecticides have also been used; however, they provide information for only a limited number of OP pesticides (Wessels et al., 2003) . Although there are limitations associated with measuring these six non-specific metabolites (e.g., exposure to preformed metabolites and exposure to multiple OPs giving rise to the DAP), they have been useful tools in estimating exposure to OP insecticides as a class.
To date, almost no research has been conducted in South America investigating pesticide exposure and potential predictors of these exposures. Chile, a country located on the western coastline of South America, is a large producer of agricultural crops. The region that has the highest percentage of rural population engaged in agriculture and livestock husbandry is the Maule Region, with 34% of people living in rural areas (INE, 2002) . The Maule Region, is located 254 km south of capital Santiago in central Chile, and is divided into 4 Provinces: Talca, Linares, Curico and Cauquenes. The Province of Talca, has 10 counties. 4 counties were included in this research: San Clemente, Talca, Maule and Empedrado (see Fig. 1 ). According to 2008 sales data, Maule used over 5 million kg of pesticides, making it the third highest pesticide-consuming region in Chile, representing about 10% of all national sales (SAG, 2008) . OP pesticides comprise 30% of all insecticide, acaricide and rodenticide use in Maule, surpassing the national rate (25.5%). The widespread use of OP insecticides in agriculture, their largely unrestricted sale, and insufficient knowledge of their proper application and risks have resulted in acute intoxications in Chile (Concha, 2010; MINSAL, 2007 MINSAL, , 2010a , primarily in the occupational setting.
We have conducted a pesticide exposure assessment study involving children in urban and rural Regions in Talca Province, Chile. We used biological and environmental monitoring coupled with questionnaire data, as has been done in other studies (Melnyk et al., 2012) , to help us ascertain the predominant pathways of exposures to children in these areas. To date, no data exist on OP pesticide exposures in Chile and only a few exist in Latin America, but none that have examined several potential pathways for exposure in the general population.
Materials and methods
We collected longitudinal data during two seasons (summer and fall) from children living in four counties (Empedrado, Talca, Maule, and San Clemente) in Talca Province, in south central Chile. These counties were selected to represent a range of geographic locations and demographic conditions. Within these counties, 14 public elementary schools with enrollment ≥ 60 students were selected through a stratified random sampling methodology assuring both rural and urban schools were represented in each county (see Fig. 2 ). Children from these schools were randomly selected for enrollment in the study. From a total of 2254 children attending the selected schools in Talca County, 180 (8%) were invited to a meeting to inform them about the study. We invited similar percentages of schoolchildren to participate from the remaining three counties: in Empedrado, 60 of 517 children (8%); in Maule, 90 of 918 children (10%); and in San Clemente, 75 of 592 children (12%). We invited a total of 405 parents to meetings in the schools to explain the study and request for the informed consent. Two hundred and fourteen parents finally attended the meetings and 100% agreed to participate. This study was approved by the ethics committee on human research of the Faculty of Medicine at the University of Chile, the ethics committee of the Catholic University of Maule, and the Institutional Review Board of Emory University. Informed consent was obtained from the parent of each minor child enrolled. Data collection occurred during two seasons: once in December 2010 (summer) during the peak agricultural season and once in May 2011 (fall), the low agricultural production season. Questionnaires were administered during each season to collect information on general sociodemographic characteristics, proximity of residence to agricultural fields, home use of pesticides, and consumption of fresh fruit and vegetables over the prior four days. Additionally, in the fall, questions were included about the purveyor of the produce since no locally grown produce was available for consumption.
Province of Talca
In Chile, free meals are given to children of low-income public schools; all schools in this study were low-income schools. In general, children consumed raw fruit supplied to them at school, usually one or two pieces of fruit per week. During the peak agricultural season of summer in Chile (December), we collected 2 kg of produce (orange or apples, based on the survey about what the children consumed) from the schools on Monday of the sampling week.
From the questionnaire information obtained in the summer, we found that children also ate produce at their homes on weekends. Therefore, during the fall (May) sampling, we identified the food suppliers through questionnaires (primarily a large market in Talca Province), and we collected 2 kg of produce (including either kiwi, lettuce, apple, orange, tangerine, pear, cabbage or tomatoes) from those suppliers on Tuesday of the sampling week and also 2 kg from the school on Monday of the sampling week. All produce were bagged and refrigerated at 4°C, then transported by land for analysis the day after collection by the Laboratory Andes Control in Santiago, Chile. This laboratory operated under ISO/IEC 17025 accreditation. Both positive and negative controls were included in the analytic scheme. Sampling requirements for accurate measurement were that residues had to be measured in 2 kg of produce collected randomly, kept in good physical condition, avoiding exposure to high temperatures and sent for analysis within two days of collection. More than 200 pesticides, including about 40 OP insecticides, were quantified in produce samples using the QuEChERS method for pesticide extraction (Lehotay et al., 2005; Schenck and Hobbs, 2004) . Briefly, produce samples were homogenized separately in a blender then a 15-g aliquot was taken and spiked with surrogate internal standards. The produce was extracted with acetonitrile and dried with MgSO 4 to remove residual water. The extract was cleaned using dispersive primary secondary amine sorbent along with anhydrous MgSO 4 . The extracts were concentrated and analyzed by gas chromatography-mass spectrometry. The limits of detection (LOD) for the pesticides were 0.01 mg/kg produce.
In addition, 2-L samples of drinking water that children consumed at schools and homes, and 2-kg samples of soil from the schools and public places within 500 m of the children's homes were collected during both seasons and were analyzed at the Laboratory Andes Control in Santiago, Chile, following the procedures described above for food analysis.
Spot urine samples were collected from each child in 100-mL sterile prepackaged bottles on the Tuesday of each sampling week during both December and May. Samples were kept frozen in a plastic container at − 20°C, and shipped to Pacific Toxicology Laboratories (Los Angeles, California, USA) for analysis of the six DAP metabolites of most OP insecticides: dimethylphosphate (DMP); dimethylthiophosphate (DMTP); dimethyldithiophosphate (DMDTP); diethylphosphate (DEP); diethylthiophosphate (DETP); and diethyldithiophosphate (DEDTP). Freeze-dried urine samples were derivatized with a benzyltolytriazine reagent to produce benzyl derivatives of alkylphosphate metabolites. A saturated salt solution was added to the tubes and the benzyl derivatives were extracted with cyclohexane and analyzed by gas chromatography with flame photometric detection. The quality control sample was made in-house by spiking a urine sample with two levels of OP metabolites. The assay was run with a reagent water blank and a urine blank. The recovery rate ranged from 80 to 120% of the expected value. The LOD of the method was 5 ng/mL for all metabolites except DEDTP and DMDTP, which had an LOD of 10 ng/mL. To assess the precision of the method, 20 duplicate analyses of unknown urine samples were performed. Further quality assurance measures included participation in proficiency testing of the German E-QUAS program.
Creatinine was measured in the urine samples by a colorimetric method (Creatinine Procedure No 555; Sigma Diagnostics, St Louis, Mo). Its measurement was used to adjust results of OP metabolites (μg metabolite/g creatinine) to avoid the variable dilution caused by differing hydration states of the sample donor.
STATA 11.0 (StataCorp LP, College Station, TX) was used for all statistical analyses. Data from both December and May were combined in the analysis, and Generalized Estimated Equations (GEE) were used to account for the repeated measures on the same children during two seasons. DAP concentrations below the LOD were assigned a value equal to the LOD/√2 (Hornung and Reed, 1990) . Concentrations were converted to SI units to create molar concentrations and all DEAP and DMAP metabolites were summed to create an aggregate exposure term (i.e., ΣDEAP and ΣDMAP) (Barr et al., 2004) .
The frequency of detection (FOD) of at least one DEAP metabolite among children was 80%. The sum of DEAP metabolites was treated as a continuous variable after logarithmic transformation (the data were normalized by transformation, and data were considered normal by applying a studentized residual analysis). This variable was used as the outcome in a linear regression using GEE. The FOD of DMAP metabolites was much lower (25%) for any DMAP metabolite, and hence for the sum. Thus the sum of DMAP metabolites was dichotomized into two categories (i.e., below the LOD, above the LOD), and a logistic regression GEE was performed.
We first tested full models including all possible exposure variables and demographic covariates. Variables assessed for possible inclusion in the models were: pesticides in measured produce (present, not present); proximity of residence to farm (≤500 m, >500 m); home use of fenitrothion insecticide (yes, no); location (urban, rural) according to the Chilean Census; season (summer -December 2010, fall -May 2011); creatinine concentration (continuous); county (Talca, Empedrado, Maule, and San Clemente); parental occupation (agriculture, non-agriculture); parental education (≤8 years of study, >8 years of study); age (continuous); and sex (male, female). All variables with a p-value≤0.10 in the full model were retained in final models.
Results
Reliability testing to ensure precise urinary DAP measurement demonstrated good agreement among duplicate samples. Among the 20 duplicate pairs tested, a high correlation was found between duplicates of DEP metabolites (r = 0.99, p b 0.0001), DETP (r = 0.97, p b 0.0001), DMP (r = 0.86, p b 0.0001). DMDTP and DEDTP were consistently below the LOD so they could not be evaluated.
Of the 214 children initially enrolled in the study, the mean age was 8.6 ± 1.7 years with almost equal numbers of males (N = 109) and females (N = 105). Twenty-four children were withdrawn from the study because they could not provide a urine sample (N = 22) or a urine sample was of insufficient volume for laboratory analysis (N = 2). The final sample size for the summer season (December 2010) was 190 children with a mean age of 8.6 ± 1.6 years. For the fall season (May 2011), we evaluated 181 children, since 9 children were lost to follow-up, six moved residences and three declined to participate. The demographic characteristics of the participating children are shown in Table 1 .
The majority of the demographic data remained consistent across seasons. Parental occupation changed in 14% of fathers and 18% of the mothers between the two seasons. More than half (58%) of the children lived within 500 m of a farm and less than 10% of the families used fenitrothion in the home. Fig. 3 depicts the pesticide residues above the LOD in fruits or vegetables and the number of children exposed to these residues. OP pesticide residues were detected in produce samples taken during both summer and fall. Chlorpyrifos and diazinon were detected in 50% (n = 7) and 7% (n = 1), respectively, of 14 produce samples collected in December 2010. Based on the number of children who consumed produce in each school with detectable residues, 44% (n = 83) were exposed to chlorpyrifos residues and 8% (n = 16) were exposed to diazinon residues during the summer of 2010. Of the produce collected in May 2011, only phosmet was detected in 7% (n = 1) of 14 samples collected from school. Of the 40 samples collected from the local markets, chlorpyrifos was detected in 12% of the samples (n = 5), azinphos methyl was detected in 5% of the samples (n = 2); phosmet was detected in 8% of the samples (n = 3) and dimethoate was detected in 3% of the samples (n = 1). Multiple residues (i.e., chlorpyrifos and azinphos methyl) were detected in 5% of the samples tested (n = 2). During the fall of 2011, 52% of the children (n = 94) were exposed to chlorpyrifos residues, 19% of the children (n = 34) were exposed to phosmet residues, 8% of the children (n = 15) were exposed to azinphos methyl residues and 2% of the children (n = 3) were exposed to dimethoate.
Soil and drinking water were tested for the same OP pesticide residues. No pesticide residues were detected in any of the 36 drinking water or 28 soil samples taken.
Urinary DAP metabolite data are shown in Table 2 . DEAP metabolite concentrations above the LOD were found in a greater proportion of children than those observed for DMAP metabolites both in December 2010 (72.6% versus 31.6%) and in May 2011 (80% versus 18.6%). Table 3 shows the final GEE model for the sum of DEAP metabolites. According to the model, children who ate fruits or vegetables (at school or at home) with residues of chlorpyrifos above the LOD (either in December or May) had 2.8 (=exp 1.03 ) times higher levels of DEAP metabolites than children who did not eat produce with chlorpyrifos residues above the LOD. Children with higher creatinine, children living in urban areas, children living in Talca County, and younger children had significantly higher levels of DEAP metabolites. Children who lived b500 m from a farm also had higher levels of DEAP metabolites, but this variable showed only marginal significance (p = 0.074).
After running the GEE model with covariates we noted that the values of the DEAP metabolites within the same child were not correlated with each other across time periods. Hence the GEE results were equivalent to a simple linear regression. Running such a regression with the variable log ΣDEAP resulted in R 2 = 0.42. Chlorpyrifos residues were the biggest predictor, accounting alone for 33% of the variance. There was an interaction (p b .05) in the model with the variable season (summer/fall) for the covariate chlorpyrifos (β = 0.490, p = 0.008, 95% CI = 0.130-0.851). In reviewing the relationship of chlorpyrifos with the log of ΣDEAP separately for December 2010 (summer) and May 2011 (fall), we found a coefficient for chlorpyrifos of 0.56 in summer and 1.29 in fall, indicating that the presence of chlorpyrifos residues in produce had a more pronounced effect on DEAP metabolite levels for the second collection period, that is when we collected samples from both schools and homes. Table 4 shows the final model for the DMAP metabolites. According to the model, children who ate produce that had detectable levels of phosmet were 60.6 (95% CI: 19.2-191.4) times more likely to have detectable urinary DMAP concentrations than those who did not. Children who lived closer to farms were 2.5 times more likely to have higher urinary DMAP concentrations than those who did not. Children whose homes were treated with fenitrothion were 3.5 times more likely to have higher urinary DMAPs than those whose homes were not. Finally, children living in Empedrado were 2.4 times more likely to have higher urinary DMAP concentrations than children living in Maule. Among all variables in the model, phosmet residues in fruit were the strongest contributor to the overall likelihood.
Discussion
We sought to evaluate pesticide exposure in schoolchildren living in Talca Province, Chile and to understand the factors predictive of these exposures. We collected samples in May and December to understand seasonal variation in pesticide exposure.
We found that, of the variables evaluated, dietary exposure was the predominant contributor to OP metabolites in urine during both high and low agricultural seasons. Because no pesticide residues were detected in drinking water or soil, these were not believed to be pathways of potential OP pesticide exposure.
We found that the major route of exposure to OP metabolites that we evaluated in the schoolchildren was ingestion, both for the period of greatest local agricultural productivity (summer) and for the period of lowest local agricultural productivity (fall), most likely due to consumption of fruits containing residues of OP insecticides. The origin of the vegetables consumed was primarily from a large market in the city of Talca, which provides agricultural products for the whole Province of Talca. Produce from this large market is normally derived locally during the summer but is transferred from farms in northern Chile during the fall months. In the summer 70%, and in the fall 77% of children, consumed vegetables from that market.
Urinary DAP concentrations were compared with those in other studies reported in the literature (Table 5 ). Neither of the two studies evaluating urinary DAP concentrations in Latin America reported actual urinary DAP concentrations for the populations studied; only frequencies of detection were given. The study of farm children in El Salvador had considerably lower frequency of detection than in our study but that is likely because of their higher LODs in this older work. The study by Grandjean et al. (2006) in Ecuador had higher frequencies of detection than most metabolites in our study, however, we cannot directly compare the magnitude of concentrations. Participants in this study had levels of urinary metabolites higher than those reporting actual metabolite concentrations in other research studies conducted in the United States. The laboratory which analyzed the urine samples have relatively higher LOD than the other studies mentioned in Table 5 , which could explain a slight increase in the geometric means of the metabolites in this study compared with others, but these LOD differences are not greater than 5 μg/L for DEAP and 8 μg/L for DMAP. Despite this consideration, OP metabolite concentrations in Chilean children are still much higher than American children studied previously.
Phosmet residues were the biggest contributor to DMAP metabolites. However, the association was found only in May 2011 (fall). In December 2010 (summer), we did not find phosmet residues in fruits/ vegetables measured in the school. However the fruit eaten at home was not measured in the summer, which is a limitation of the study.
The presence of DEAP metabolites in the urine of 80% of the schoolchildren is associated with dietary exposure to chlorpyrifos through fruits and vegetables. Chlorpyrifos is the OP pesticide most commonly sold in Chile (SAG, 2008) . In both the Province of Talca, and throughout Chile, this pesticide is widely used because it is inexpensive and is easily accessible to the public. The pesticide phosmet, which produces DMAPs, is another best-selling pesticide in the Province of Talca, but only in the spring and summer seasons. However, in northern Chile, phosmet is sold in the fall due to better climatic conditions for agriculture. According to interviews, the fruits/vegetables eaten at school often originate not from local produce but from areas farther north than the Region of Maule.
Long-term health complications (e.g. neurological effects, cancer) have been associated with the use of the pesticide chlorpyrifos (Alavanja et al., 2004; Bouchard et al., 2010 Bouchard et al., , 2011 Engel et al., 2011; Handal et al., 2007; Hanke, 2006, 2008; Marks et al., 2010; Rauth et al., 2006; Rosas and Eskenazi, 2008) . In the United States and Europe strict regulations govern their use and sale (CDC, 2009 ). The results presented here suggest the need for a review of policies to regulate the sale and application of chlorpyrifos in Chile, as well as some of the other harmful OP pesticides currently in use.
We observed that children living in urban areas have greater levels of diethyl-substituted OP metabolites than those who come from rural areas. This is seen also in some recent studies (Bradman et al., 2005; Lu et al., 2004) and can be explained because children in rural areas are more likely to consume fruits from their own orchards where no pesticides are used, in contrast to urban children who access produce purchased in markets or stores which may have higher levels of OP residues. The highest urine concentrations of DEAP metabolites were observed in Talca, where fruits and vegetables are provided by a large produce market. On the other hand, both diethyl-and dimethyl-substituted OP metabolites were increased in children living close to farms, suggesting that there is also a component of exposure from local agriculture. Furthermore, children had higher DMAP metabolite levels in urine in December 2010 than in May 2011, which may be associated with increased local application of DMAP-producing pesticides in the summer (SAG, 2008) . Even though food that children ate at home was not collected in the first time point, which is a limitation of this study, it is noteworthy that the presence of DMAP metabolites in December 2010 was associated with the distance of farms (OR = 1.9; p = 0.046; IC = 1.0-3.8) and to the use of pesticides at home (OR = 3.7; p = 0.014; IC = 1.3-10.4). There were no differences in pesticide use in the homes between urban and rural children, or in proximity to farms in both periods (p value ≥ 0.05). The presence of DEAP metabolites was also associated with younger age and higher creatinine levels, likely because of differences in the metabolism of younger children compared to older (Bouchard et al., 2010; Valcke et al., 2006) , hygiene habits, such as inadequate washing of fruit or hands (Vida and Moretto, 2007) , mouthing activity, greater ingestion of produce on a body weight basis (Cohen Hubal et al., 2000) .
Few families apply OP pesticides in the home (Table 1 ). The only OP pesticide compound used in houses is fenitrothion. Children whose households applied that pesticide had higher levels of DMAP metabolites, which is consistent with the home application of this pesticide (CDC, 2009).
We found no association between schoolchildren of parents who work in agriculture and OP metabolites, and no association between the years of education of parents and metabolite levels. This differs from other studies, where employment in farm work and low level of education of parents were correlated with high levels of OP metabolites (Barr et al., 2004; Bouchard et al., 2010 Bouchard et al., , 2011 Bradman et al., 2005; Coronado et al., 2006; Engel et al., 2011; Kissel et al., 2005; Koch et al., 2002; Lu et al., 2004 Lu et al., , 2008 Marks et al., 2010; Naeher et al., 2010; Valcke et al., 2006; Vida and Moretto, 2007) .
Our study has several associated limitations. The absence of pesticide residue data from the summer prevents us from fully understanding the pathways of exposure during that time period. Further, the produce sampling was taken from what the children were expected to consume but did not represent their actual dietary intake. We had similar limitations with our urinary metabolites. The DAPs measured are non-specific metabolites and can be derived from a Fig. 3 . Diagram of the results of OP residues on vegetables/fruits in summer (December 2010) and fall (May 2011) samplings, depicting the number of children that ate produce and the samples of food taken, the pesticide residues above the LOD on produce and the number of children estimated to be exposed to these residues. multitude of OP pesticides or their preformed metabolites. Given the importance of chlorpyrifos exposure in our study, the measurement of a more specific metabolite, namely 3,5,6-trichloropyridinol (TCPy) may have provided a more compound-specific exposure assessment. However, since our initial goal was to evaluate class exposure and we had no a priori evidence that chlorpyrifos would be such an important pesticide to assess, we did not measure TCPy. Clearly, given the evidence produced in this study, future studies should include the measurement of TCPy.
The findings of this study provide some of the first data on pesticide exposure in children in Latin America and their potential exposure risk factors. The consumption of produce, both in school and at home, and living close to farms were the main predictors of pesticide exposure in children. Our data show higher levels of urinary OP pesticide metabolites in children than that found in other studies. It is notable that the levels of OP pesticide residues found in vegetables meet the standards required by regulatory agencies in Chile (MINSAL), which are regulated under the Codex Alimentarius (MINSAL, 2010b). However, several studies suggest that exposure to OP residues in low doses over a long period of time can lead to health consequences such as those mentioned above, plus attention span difficulties, and behavioral and cognitive deficits (Bouchard et al., 2010 (Bouchard et al., , 2011 Engel et al., 2011; Handal et al., 2007; Marks et al., 2010) .
We generated evidence that in the province of Talca, Chile, there is continual exposure for schoolchildren to low doses of OP pesticides, mainly through the dietary pathway. A suggested use of these data is the reconsideration of regulations of pesticide food tolerances, since little control exists over the sale or use of OP pesticides rendering them one of the most widely used groups of pesticide in Chile.
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